An increase in dietary protein content may be positive for body weight regulation through effects on satiety, thermogenesis and substrate partitioning. Proteins may have insulinotropic effects as insulin is a major regulator of substrate metabolism, changes in its secretion may have a major impact on substrate oxidation. A crucial factor with respect to the effect of protein on diurnal insulinemic profiles, is whether a relative increase in dietary protein is obtained by a reduction of carbohydrate or fat. When protein replaces carbohydrate within a low-fat diet (reduced insulinemic and glycemic responses), fat oxidation may be increased. A shift in muscle substrate utilization from carbohydrate to fat oxidation in obese subjects may be positive for weight control and may be the impetus for improving insulin sensitivity. An additional issue, with respect to the potential positive effect of an increase in dietary protein, is the type of subjects studied. In type 2 diabetic subjects with a compromised response of the b-cell to glucose, a protein-induced increase in insulin secretion may be beneficial to increase insulin-mediated glucose uptake, muscle mass and prevention of excessive glycemic and lipid overload in the systemic circulation. Nevertheless, in obese subjects the author proposes that minimizing diurnal insulin and glucose secretion, in the context of a low-fat diet (by increasing the protein/carbohydrate ratio of the diet), may represent an effective strategy for achieving and maintaining leanness, and improving insulin sensitivity through effects on substrate partitioning, favouring fat oxidation. Long-term dietary intervention studies are necessary to study the effect of a relatively increased dietary protein on body weight regulation and on the risk factors clustered in the metabolic syndrome.
Introduction
In their literature review, Westerterp-Plantenga et al. 1 describe processes involved in the relation between dietary protein and body weight management. There is consistent evidence that a relative increase in protein content of the diet may increase satiety and reduce energy intake during ad libitum feeding conditions (as reviewed in WesterterpPlantenga 1 ). Secondly, protein may be related to a higher thermogenesis (metabolic inefficiency), presumably owing to higher costs for protein synthesis, breakdown to urea and costs for gluconeogenesis, which vary with protein source. 2 Although this review presents a good overview of studies performed in this area, in the discussion of these studies, the metabolic pathways triggered by proteins, in particular, in relation to insulin metabolism and substrate partitioning, are underemphasized. A better overview and mechanistic understanding of the relation between protein content, type of protein, the composition of the resultant diet, the type of subjects studied, in relation to substrate partitioning, and insulin metabolism is required before taking the step towards recommendations.
Protein, insulin secretion and substrate partitioning
Proteins have strong insulinotropic effects. Several proteins may induce substantial increase in insulin response, by up to 200%, 3 particularly animal proteins (such as whey protein hydrolysate), which contain a high amount of essential branched chain amino acids. Insulin activity is an important determinant of substrate partitioning, that is, by stimulating dietary fatty acid uptake in adipose tissue, inhibiting endogenous adipose tissue lipolysis, suppressing skeletal muscle fat oxidation, stimulating glucose uptake, oxidation and storage. 4 Insulin secretion can thus be expected to have a major impact on respiratory quotient.
In obese insulin resistant subjects, accumulation of fat in non-adipose tissues, like skeletal muscle (ectopic fat accumulation), has been implicated as one of the major factors in the development of skeletal muscle insulin resistance. [5] [6] [7] In these subjects, a switch from fat storage towards oxidation (induced by a reduced insulinemia and/or glycemia) may be the impetus for an improved insulin sensitivity. Furthermore, in the whole debate on glycemic index and obesity, low-glycemic diets (the lower insulinemic and glycemic responses) have been indicated as promoting fat oxidation (muscle) at the expense of carbohydrate oxidation, which may reduce body fat stores. 8 This may be relevant in (a subgroup of) obese subjects, in particular, who show a reduced ability to increase fat oxidation acutely, as has been recently shown in the large European multi-center NUGENOB study. 9 Notably, this reduced ability to utilize fat as a fuel has been indicated in several studies as a predisposing factor towards the development of obesity. [10] [11] [12] Thus, minimizing diurnal insulin and glucose secretion in obese subjects, in the context of a low-fat diet, may represent an effective strategy for achieving and maintaining leanness and improving insulin sensitivity. What is known, so far, on the effects of protein on insulin and glucose metabolism and how does this relate to substrate utilization? Surprisingly, only a few studies report data on insulin responses and substrate utilization. A crucial factor in the whole discussion is the resultant composition of the diet, that is, whether protein replaces carbohydrate or fat. When protein replaces carbohydrate (CHO/protein ratio of 1:4, 25-30 en% fat) in an isoenergetic energy-restricted diet, postprandial insulin response decreases, as compared to the high-CHO diet (CHO/protein ratio of 3:5) in obese women. In that study, weight loss was similar in both diet groups, but the protein group had a higher loss of body fat while maintaining lean body mass. Besides a reduced insulin response, the protein group maintained levels of thyroid hormones T3 and T4, all the endocrine changes being consistent with a higher rate of lipolysis and a subsequent higher fat oxidation. 13 Additionally, replacing carbohydrate with protein from meat, poultry and dairy foods in a low-fat isoenergetic weight reducing diet resulted in no differences in postprandial insulin responses, but significantly reduced glycemic response and resulted in better preservation of fat-free mass in overweight/obese women. 14 Unfortunately, no data on substrate utilization are available in this study. Furthermore, a replacement of dietary carbohydrate by protein in energy-restricted low-fat diets (30 en% fat) in obese women improved weight and fat losses and specifically promoted lipid oxidation in the fasted state, without major differences in lean body mass depletion. 15 Also, the same group showed that a high-protein meal resulted, acutely, in higher lipid oxidation, as compared to a high-CHO meal in obese women. 16 These data illustrate that a high-protein energy-restricted diet may result in more favourable fat mass/fat free mass ratio and that one of the putative mechanisms for this effect may be a reduced insulinemia and glycemia which may favor fat oxidation. However, there is lack of data on 24 h insulin and glucose responses and substrate oxidation during energy-restricted high-protein diets.
A high-protein diet (30 en% protein, 40 en% CHO and 30 en% fat) compared to an adequate protein diet (10 en% protein, 60 en% CHO and 30 en% fat), fed in energy balance, led to a higher 24 h fat oxidation in healthy volunteers. 17 On the other hand, an isoenergetic weight maintaining diet where protein replaces fat (normal protein: 15 en% protein, 35 en% fat and 50 en% carbohydrate vs high protein: 30 en% protein, 20 en% fat and 50 en% carbohydrate) resulted in significant increase in the AUC for 24 h insulin profiles, which may be explained by the more pronounced effect of protein ingestion on insulin secretion, as compared to fat. 18 Finally, additional protein intake limited weight regain after weight loss in overweight subjects, which was accompanied by a slower increase in respiratory quotient an improved body composition and fat distribution. 19 The above data may suggest that the interaction between protein intake, insulin and glycemic responses and substrate partitioning may be one of the putative mechanisms involved in body weight regulation and insulin sensitivity, besides the other mechanisms suggested by WesterterpPlantenga et al. 1 Although the relationship may be mechanistically plausible, there is great lack of (long-term) studies, taking all relevant factors into account. Furthermore, it is obvious that insulinemic and glycemic responses also depend on the glycemic index of the diet, whether protein replaces carbohydrates or fats in the diet and the type of dietary protein.
Protein intake, insulin secretion and type 2 diabetes mellitus
An additional issue that is very important in this discussion is the type of subject studied. In type 2 diabetic subjects with a compromised b-cell function, and thus a strongly reduced glucose-induced insulin secretion, a stimulation of insulin secretion may be beneficial to reduce hyperglycemia, to prevent an excessive outflow of fatty acids by adipose tissue and to prevent cardiovascular-related complications. Van Loon et al. 20 showed, for instance, that in type 2 diabetic subjects co-ingestion of protein hydrolysates and amino-acid mixtures with carbohydrates, increases insulin response considerably and improves insulin-mediated glucose uptake. Also, the addition of whey protein to meals stimulated insulin release and reduced glycemic excursions in type 2 diabetic subjects. 21 Thus, although in the obese state, a reduced 24 h insulinemia is proposed to be the preferred metabolic state to prevent fat storage, for the treatment of type 2 diabetic subjects with a compromised b-cell function a protein-induced increase in insulin secretion may be beneficial to increase insulin-mediated glucose uptake, increase muscle mass, prevent metabolic complications of hyperglycemia and systemic lipid overload.
Long-term risk profile
The prevalence of obesity-related health complications is increasing rapidly. The metabolic syndrome, representing a clustering of risk factors including abdominal obesity, hypertension, hyperglycemia and a disturbed blood lipid spectrum, is increasing worldwide. It is evident that weight loss improves insulin sensitivity and reduces the metabolic risk for developing the above chronic diseases. With respect to the relation between diet composition and metabolic risk, there is abundant support that a reduction in saturated fat content of the diet is advisable. Generally, the debate on the optimal ratio of macronutrients in adults focuses on carbohydrates versus fat, that is, whether this saturated fat has to be replaced by a different type of fat (monounsaturated or polyunsaturated) or by carbohydrate (this issue is currently addressed in the EU 6th framework project LIPGENE 22 ). Several recent lifestyle intervention studies show that a reduction in the (saturated) fat content of the diet (and an increase in carbohydrate) in combination with an increase in physical activity show a 58% reduction in the incidence of diabetes and a 40% reduction in the metabolic syndrome in pre-diabetic obese subjects after 2-3 years of intervention, despite a very moderate weight loss. 23, 24 Owing to the putative positive effects of protein in body weight regulation, protein can also be regarded as a good substitute for dietary saturated fat. Replacing part of the dietary fat by protein, instead of carbohydrate, may reverse the possible triglyceride raising and HDL-cholesterol lowering effect of a high-carbohydrate diet and may reduce glycemic load. 14, 25 On the other hand, recent data indicate that a high-protein diet may reduce endothelial function of the arterial vessels with a less pronounced dilatation of the lumen in response to an increase in blood flow. 26 Thus, long-term dietary intervention studies are necessary to study the effect of a relatively increased dietary protein on the risk factors clustered in the metabolic syndrome. As already suggested above, besides a relatively high-protein content, the type of dietary protein, the glycemic index and glycemic load and the type of dietary fat all influence metabolic profile. The best option seems to strive for an optimized dietary intake taking all these factors into account.
